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Abstract

Available experimentatiata islimited, so thiseffort
must make heavy use sfmulationsandanalytic theory,

A quantitative understanding a$pace-charge-dominatedwhile planning fomear-term full-scale magnetic transport

beam dynamics issues is essential todéeelopment of a
cost-effective driver for heavy-ion beam-driven émtial

fusion energy (Heavylon Fusion, or HIF). A multi-
laboratory “working group” is collaborating tdevelop
such anunderstandingia detailed computersimulations,
benchmarkedversus experimentsvhere pasible. This
work is motivated by th@eed toplan for an“Integrated

ResearchExperiment” (IRE) facility to be mposed for
construction, andor magneticquadrupolebeam transport
experiments planned for the vemgar term. Weébegan by
identifying the issues which must be addressiesteloping

a model IRE desigrandconducting “baseline” transverse

WARPXxy-codesimulation studies of theentralnominal-
energy portion of the beam, for agedl error-free usion
of that design. Current work is examining tféects of a
wide spectrum of mismatches (includingead-to-tail

effects), errors,and mperfections, which establish the

allowable toleranceand ultimately constrain the design
We are beginning to employ WARP3d tperform
integrated time-dependent 3-D simulations from gberce
through the end of the machine.

1 INTRODUCTION

experiments. The dynamidssues in a filrscale driver
and anext-step IRE are vergimilar, except that issues
associated with the highest beam kinetic energy aribe
in the former. Detailed design is manegently needed for
IRE than it is for a driverandsimulationsfor a shorter
system are more readily performed. Thus we are following
a balancedpproach whereby mostlculations are being
carried out in the IRE context.

Aspects of this work arpresented inmore detail in
other papers at this conference; please see [1,2,3,4,5].

2 PRELIMINARY ACTIVITIES

As preliminary activities, we firsidentified alist of
issues that must beddressed These include mismatches
and nonlinearities, machine errors, low-energgsues,
collective modes, multi-bearnd high-energy effects, and
requireddiagnostics. We thedeveloped “an”IRE design
"to use as the initial object of our studies. This istaaiv

person”and is not “the” IRE design; however, a fairly
complete “physicslesign”was neededFinally, we began
simulating a baseline“perfect IRE” accurately and
efficiently, at first using a set of 2-Blice” simulations
of the center, head, and tail of the pulse, and mexsintly

A successful HIF driver must produce a set of beams with full 3-D. It was deemed rportant to validate these

the intensity, brightnessand pulse shapedictated by

target requirementsThis implies constraints on the

simulations via convergence studies.
We sought aepresentativéRE designthat would be

ultimate transverseand bngitudinal beam emittance. Thecredible, straightforwarcand relatively easy tosimulate.

beam phase spaewolves as the beam movdswn the
accelerator, undethe influence of applied-field, pace-
charge, and imageonlinearities,and of collective modes.

The design wedeveloped issimilar to an edier “HTE
Update” concept [6]but doesnot employ beam merging,
since adetaileddesign for a magnetic merging section is

Furthermore, it is necessary to minimize beam loss. Thist yet available. Relative to trearlier designthe initial

translates into limits on the allowable beam h&mally,
the cost of theaccelerator must beminimized, and so the

pulse is twice adong, andthe final kinetic energy is
twice as great, so that the same taia¢rgy isachieved.

beam must fill as much of the channel as possible. ThuFlais design is embodied in stand-alogeripts (versions

guantitative understanding tiie dynamic aperturand its

using Basisand Python exist), which jduceinput that

scaling with beam and accelerator parameters is essentiglan beread byvarious codes, in particuldhe WARPxy
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andWARP3d PIC modelsand SLV, a semi-Lagrangian
Vlasov model. Someparameters are: itial line charge
densityA, = 0.25uC/m, pulse duration, = 7.33us, 32
beams, 30 kJ total, phasadvance o,= 70, tune
depressiorno/o, = 0.1, beamradius a = 1.5 cm. Other
features of this design are summarized in Table I.
These parameterset requirements on numerical
resolution; the sheath at tleglge ofthe beam falls off
over 2-3 mm, sothe maximum usable cell size &bout
1 mm. With four-fold symmetry, we typically employ
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We are beginning to examine (or re-

| beam [ Lhip | 1(A) [quad [accel | foc _ examine) all of these areas; for example we
(m) 1 (m) occ. | grad. | gradient |  employ both capacity-matrix methods
Vpop=16MeV | 20.6| 023 | 0.7 06| 31 1.540 (crude) and wbgrid-scale boundary
V/m?2 conditions (precisehput more expensive) to
elec focusing const | OV2| ovl/i2fo.6 |[DV 1.5x10° obtain electrostaticquadrupole fields and
accelerator: load V/m?2 image effects. We also are comparing runs
and-fire using axidly-integrated fringe fields
V1=8.3MeV | 20.6| 0.5 1.54 | jump | 148 | jump (lumpedinto anelement onemoderateAs

step long) against runs which resolve the
fringing using small steps.

A key goal is thedevelopment of
tolerance requirements with respecteiwors
in: beam alignment; magnet strength;

mag focusing |Ov- [ov4|ov (033 |[ov |40 Tim
accelerator 1: 172
compression
Vo =52 MeV 7.9 ]10.81 10.4 0.33] 1000 | 40 T/m

mag focusing | const [ Ov/2[ OvI2T OV~ [ const| slow magnet positionand angle; accelerating
accelerator 2: 12 variation | \yaveforms (systematic, rippleand jitter):
const. accel “ear” waveforms;and sensing / steering.
V3= 200MeV] 7.9 [1.59 |20.4 | 0.17]1000] 37 T/m | The simulations in Figure 1 show tleffect
Table I. Parameters of reference IRE design of various magnet errors on timermalized

X emittance. Each color is an overlayfiok
runs with differing errors (obtained by varying tlemdom
number “seed”). Table lists the RMS errorincluded in

128 zones alongach coordinate & then apply spatial
filtering to minimize grid “aliasing” (this is important

only for beamscolderthan thosestudied here)use of 32
: X o eachset of runs gnd noteswhetherthe pseudo-octupole
zones unfilteredyjives roughly similar results. e runs g . o
term isincluded inthe magnet description); fronop to

n (X’Y) geometry require 5000'203000 part|cle.s. bottom the rows in the tableorrespond tothe shaded
Simulations of the baseline case also aided our learning_to

run WARPXxy efficiently; we use the FFT Poisson solvef o243 ofthe plot. Thelarge fluctuations in the upper wo
obtaining around pipe via thecapacity m&ix method. plots with rotatedquadsappear becausg,, rather than a
We take the same number of steps aceash half-lattice generalized em|ttan?e, 'S. sho-wn.

period. (HLP). HLP's startand stop at zero-length

acceleratinggaps, andhe step size ishanged atthose

points. Webegan byusing shar-edgedelementsand the 25 ¢
code’s “residencecorrection” capability which preserves [
second-order accuragyhenthe applied fields are so non- EN 2.0 F

smooth. Numerical convergencéests show that with (T=mm-mr)
80,000 particleand128 cells there is emittance growth

only in the second section; with 5000 particlesmerical 15 ¢

collisionality causes some spurious growth of about 20%,

but even this much is tolerable in the designd less 1.0 - —

than thatcaused byundesirablephysical effects,e.g., 0 150 300 Z (m)

mismatching of the off-nominal-energy parts of the beam. Figure 1. Effects of errors (see text and Table II).
3 ISSUES AND PROJECTS Pseudo- Offset Strength Angle

Mismatch effects are associatesiith: transitions in the | _octysole RMS RMS RMS

lattice period and element dimensions (does usesohall yes 254 0.1% 0.2

number of element designs lead to more emittance growth  yes 25U 0.1% 0.7

than a continuous variation, which may berder to

manufacture?); head-to-tailvariations arising from no 250 0 0

accelerationand compression;and dispersion in bends,
primarily in the injector,drift compression,and final
focus sections. Nonlinearities afoncern are associated  Low energyissuesinclude: the initial longitudinal
with  electric-quadrupole applied fieldsand images; capture ofthe injected beam, using lmped accelerating
magneticquadrupolefields, including highemultipoles, pulses,andthe initial acceleration program (aariant of
andfringe fields (is it sufficient to design magnets that‘ioad and fire” is currently assumed, but may not be
have zero integrated unwanted ltipoles, or must optimal); the competition between longitudinal
cancellation be more local?); acceleratyap fields; and “accelerativecooling” and collective modeswhich couple
space charge, associateih nonuniform chargedensity. transverse thermal energy into longitudinal theravargy

Table Il. Errors included in runs in Figure 1.
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when theformer exceedshe latter;and the relaxation of experienced byhe “off-energy” head andail of beam, so
initial inhomogeneities via the phase-mixing tcdnsverse we may take out the velocity “tilt” iradvance, andhen
oscillations. We are learning how to use faed reintroduce a largetilt to initiate longitudinal bunch
computationalgrid in WARP3d to simulate the injection compression; alternatively, we can perhapshieve
processand hen when the beam hasenfully injected, “matching” via time-varyingquadrupolesOur near-term
setting thegrid to act as anoving wndow sothat it goal is to simulate the IRE in full 3D, includirigtailed
continually overlays the beam (zones discarded from accelerating waveforms and a realistic beam.
the “rear” of the meshand inserted atthe front; the To properly model afusion system it will be
alignment of the computationagrid lines with the essential to perform integrated calculations. We roasy
acceleratoremains fixed). It is mostigorous to begin the particle distribution coming out afach accelerator
with an injected beam forall runs. However, for section into thesubsequensection, becausethe beam
convenience it is desirable to lealmw to begin alreadyhas internal structure as ikmerges from the
simulations atdownstreanstations,and we arestudying injector, and disturbances can propagateng distances.
how best to do this; for example, we may be able to injeetirthermore, the beam must have a particular piiapes
a Maxwell-Boltzmann beam at a “waist” (wittbrrection on targethence ithas a time-varyingnergy disribution
for envelope convergence/divergence). and transverse idtribution function, and the optical
Collective mode issuesinclude interactions of the aberrations will be time-varying. Time-varying currents in
beam with the wallandacceleratingnodules, especially: the chamber affecthe focusing,and must be modeled
proper treatment of effects ofoltage-divider shielding consistently with partial neutralizaticend other effects.
plates; longitudinal instability dren by module Links have beemadebetweenWARP runs; linkages to
impedance (therbas beemmuch past work on this); andthe chambercode BIC, and thence tothe targetcode
effects ofthe “beam break-up” mode (BBU). TransverseLASNEX, exist, but have yet to be employed. It will also
longitudinal thermal energy coupling in the main be desirable to establish links between the long-tiesm
accelerator needs to Hmetter understood; doeshe seed transport calculationsnd detailedsimulations studying
amplitude matter, or is the beam always “marginallinstabilities, halo formation, and other effects. We believe
stable” withrespect to thismode? Ifthe seedamplitude that source-to-target simulation ofdaver is within reach
matters, where does it come from, how big isaitdwhat on upcoming “terascale” computers. A schematic for such
are the implications with respect to machine design?  simulations is depicted in Figure 2.
Multi-beam and high-energyissuesinclude assessing ﬂ
the degree towhich the separatebeams must be kept :
“identical,” understandingthe deflections mduced by 4
neighboring beamsand the effects ofthe beam-induced
magnetic field. This field can be important in a drieeen
when v/c < 0.3 becausethe self-electric field from

Heavy-ion induction accelerator \/

.nelght'Jonng be:ftms may be lghieldedwhile the sé-B o source H Accelerator HBuncher H ‘SQ?Q;’S?{ ‘ Target ‘
is not; thus thég-factor” which relates Eto dA/0z can e

be driven negative, and space-charge wavag behave in electrostatic / magnetoinductive PIC _ Umagnetic ——{@%{0
an unfamiliar manner. The implications for longitudinal ; PIC

[J [J

stability need to beunderstoodFurthermore, it is likely detailed PIC, delta-f, core / test particle

to be important to treat inductiveffects with enough
fidelity; to this end we are investigatimgagnetoinductive
(Darwin) models, as well as simplified modetsotivated  Figure 2. Schematic of driver and computational models.
by the fact that (to agood approximation) thebeam

produces only a longitudinal current. 5 REFERENCES
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